Concerns have been raised regarding a relation between residential and occupational electromagnetic (EM) field exposures and adverse reproductive effects. This paper reviews the epidemiologic evidence for this possible relation, including some pertinent methodologic issues, notes relevant findings from the experimental literature, and discusses areas for future research. Evidence is lacking for a strong association between a woman's use of a video display terminal (VDT) during pregnancy and spontaneous abortion. The evidence for a strong association between a women's use of a VDT and other adverse reproductive endpoints is also lacking, with some suggestive findings for congenital malformations and too few data to reach a conclusion about other endpoints. With respect to low-level EM field exposures other than VDTs, the paucity of data prevents one from determining whether there are reproductive health risks associated with such exposures. Therefore, this is an area that needs further investigation. Given that altered growth may be an underlying biologic effect of EM field exposures, endpoints that might be pursued in future studies include congenital malformations not associated with chromosomal anomalies, intrauterine growth retardation, and chromosomally normal spontaneous abortions. -
Introduction
In the last 10 years, public concern regarding possible human health effects from exposures to nonionizing electromagnetic (EM) fields has been mounting. Although the primary focus has been on potential carcinogenic effects, there has also been concern that exposures from electric and magnetic fields will result in adverse reproductive effects. This concern is at least partially attributable to numerous reports of clusters of female video display terminal (VDT) users who have experienced a spontaneous abortion. Interest has also heightened because of the ubiquity of EM fields and the consequent prevalence of exposure. Clearly, even if risks from exposures are low, the extent of populations exposed in modern society could result in a large disease burden.
Since Wertheimer and Leeper (1) reported the initial observation of an association between electric power lines and childhood cancer, several other investigators have looked for associations between various EM field exposures and childhood cancers (1) (2) (3) (4) (5) (6) , adult cancers (7) (8) (9) (10) (11) , and adverse reproductive outcomes This work was supported in part by the Health Effects Institute, Boston, Massachusetts. malformations, spontaneous abortion, reduced birth weight, and prematurity.
A number of reviews (37) (38) (39) (40) (41) offer an overview ofthe epidemiologic literature for EM fields and human health effects. This paper will: a) summarze some of the epidemiologic literature on reproductve endpoints and lowlevel EM fields, b) note some findings from aeperimental work possibly relevant to humans, c) discuss some methodologic issues (14, 15) . The first (14) involved an examination of possible fetal effects from parental use of electric blankets or heated waterbeds. Parents whose baby's birth was announced in the local newspaper were contacted and interviewed about electric blanket and waterbed use. Data were collected from 1256 index birth families, representing 29% of the total number of births in the study catchment area and time period. Length of gestation was observed to be somewhat longer for infants whose parents used electrically heated beds when those infants were conceived during a season when the need for electric bed heating was greatest. The biologic basis for that observation was not given. This study found no difference between the user and nonuser groups in the proportions ofinfants weighing less than 2500 g at birth. It did find, however, that among low-weight infants in the user group 46% had gestations of 37 weeks or more, whereas 21% of the low-weight infants in the nonuser group had term gestations. This suggests that parental use of an electrically heated bed may be associated with having a child that is growth retarded. The prevalence of congenital malformations was too low to evaluate among the 528 siblings. Abortions (induced or spontaneous) occurring in the one year preceding conception of a live birth (index birth or sibling) were more common among , and possible confounders. Pregnancies among spouses of male switchyard workers in 400-kV substations were considered exposed. Pregnancies among spouses of males not employed as switchyard workers, but employed with the power facilities, were considered the reference group. Some pregnancies among the spouses of switchyard workers were also considered in this group for the periods the male workers were not employed in the switchyard. The prevalence of congenital malformations among children of switchyard workers was three times that of the reference group. The malformations among these infants reflected a heterogeneous group ofdiagnoses. Switchyard workers were about twice as likely to report fertility problems and had somewhat fewer male offspring compared to reference workers. The latter finding is consistent with the altered sex ratio noted by Knave et al. (12) . Spontaneous abortions were not more common among switchyard workers. Results were not influenced by adjustment for parental cigarette smoking, alcohol use, medication use, maternal age, or a variety of other possible confounders. These data, although too sparse for analyses of specific end points such as detailed malformation groupings, are suggestive of an association with males' preconceptional exposures and subsequent malformed offspring. Because the separation of groups with differing exposure levels may have been incomplete, a true association could have been underestimated in this study.
In a case-control study of 112 infertile males (azospermic or oligospermic) and 127 males with normal sperm counts, Buiatti et al. (17) found an odds ratio of 5.9 associated with employment in the radioelectric industry. The elevated risk was imprecise (95% confidence interval = 0.86, 40.2), and no details were provided about the possible electric and magnetic field exposures that might be associated with occupations in the radioelectric industry.
Henminki and colleagues (18) (19, 20, (22) (23) (24) (25) (26) (27) (28) 35, 36) and congenital malforiations (23,24,2627,29-33) and given less attention to other speific adverse reproductive outcomes (20, 21, (26) (27) (28) 32, 33 (63) (64) (65) (66) (67) (68) (69) . In studies where effects have been reported, the observed developmental deficits indude various congenital anomalies, developmental delay, altered sex ratio, fetal loss, reduced fertility, and demasculinization. The mechanisms underlying these developmental abnormalities are unknown (70) . These studies have induded a variety ofexposure paradigms, such as different waveforms, field intensities, exposure durations, and field types (electric, magnetic, or both). The effect of the earth's magnetic field has not always been considered, yet has been shown to influence results in some studies (71) . Dose-response relations have generally not been observed. Rather, effect windows have been noted in some studies where animal embryonic models subjected to particular field strengths exhibited aberrant development, while animals exposed to field strengths above or below did not (48, 57) .
Studies with cellular test systems have shown that electric and magnetic fields at specific frequencies and intensities are capable of resulting in biologic effects (72, 73) . Although the exact mechanisms for these interactions are unknown, one theory suggests that cells have their own weak electrical signals that enable them to "whisper together," which allows for cell-to-cell communication for normal health (73) . Disrupted communication by exposure to EM fields may result in unregulated growth (73) . Evidence from other studies suggest that electric and magnetic fields may alter growth (74, 75) , enhance DNA synthesis (76) , and influence the modulation of calcium binding to cell surface molecules (77) . Growth, DNA synthesis, and calcium binding are relevant mechanistically to normal embryogenesis, and alterations to these processes by EM fields suggest that exposure to these fields could result in adverse reproductive effects.
Conclusions that may be drawn from the experimental studies are limited by the inconsistent findings resulting from differences in study design, animal model, and exposure paradigm considered. Many of the positive associations observed among animal models have not been replicated across laboratories, and effects observed from in vitro studies have been less evident or not present in in vivo systems (78) , which suggests that the developing fetus may be protected by physical or physiologic maternal attributes. It is clear that exposure to various aspects of EM fields can produce biologic effects in experimental systems; however, the interpretation of these effects in terms of risks to human reproduction needs substantial clarification.
Methodologic lssues
Previous epidemiologic research in this area can be interpreted in the methodologic contexts of: a) issues with study endpoints, b) issues with exposure assessment, and c) other design and analytic considerations. The emphasis of discussion here is on the more common end points studied (i.e., spontaneous abortions and congenital malformations).
Study End Point Issues
The decision to imvestigate a particular reproductive health effect in relation to a putative exposure is generally based upon the biologic plausibility of such an association as suggested by previous epidemiologic or teratologic data, anecdotal reports made by astute clinical observers, or reports of disease dusters. Based on the concem derived from reports of seemingly unusual aggregations of spontaneous abortions and congenital malformations occurring among VDT users (44) , and on the observed association between childhood cancer and residential exposure to EM fields (1,3,4,6), a variety of reproductive health effects from both residential and occupational EM field exposures have been investigated (Tables 1, 2 ).
An issue relevant to some of the end points studied is the specificity with which they have been defined for analysis. For example, among the studies that investigated congenital malformations in relation to various EM field exposures (Tables 1, 2) , many considered all malformations as a single analytic group. Based on observations with known teratogens, exposures are unlikely to result in a general increase in all types of malformations, although, depending on the timing of exposure, they may increase the risk of more than one type. However, based on the nonspecific biologic effects observed in experimental work of EM exposures, it is not dear how one might better define malformation groups for analysis. Studies of spontaneous abortions might also be criticized for heterogeneous endpoint definitions. Although a few studies (20, 25) (80, 81) . This finding would also suggest that birth certificate data on prior pregnancy loss, as reported by mothers, would also be suspect. At least two studies relied on such information (14, 15) .
Further, the studies done to date have ascertained dinically recognized spontaneous abortions. However, many pregnancy losses occur prior to the recognition of pregnancy (82) . Interestingly, at least one study (20) of spontaneous abortions from VDT use found a higher risk for early (<13 weeks gestation) spontaneous abortions than for late abortions.
Even among recognized spontaneous abortions, the timing of diagnosis during pregnancy has varied in these studies [e.g., < 20 weeks (20) or < 28 weeks (25) ]. The opportunity for bias is present if a subject's exposure is related to when her pregnancy is recognized. The earlier a pregnancy is recognized the greater the likelihood is that an early spontaneous abortion will be recognized. Goldhaber et al. (23) (Tables 1, 2 ) have involved seemingly heterogeneous exposures, such as working in a 400-kvV switchyard (13) and home use of an electric blanket (14, 16 interested in very low frequency EM fields, and investigations of electrically heated bedwarmers focused on exposure to extremely low frequency fields. In the occupational studies of electrical workers (2, 12, 13, 17, 18) , it is not clear whether risks from electrical fields or magnetic fields were being assessed. In addition, higher frequency field exposures have been examined by other investigators (85) (86) (87) (88) (89) (90) . Even though there is a general lack ofinformation regarding the biologic effects on reproduction from certain areas of the EM spectrum, a discussion of these exposures and studies is beyond the scope ofthis review.
Aspects surrounding when and to whom an exposure occurred are also important to 115 Questionnaire consider. A general principle of teratogenesis is that the ability of an exposure to result in an adverse effect is conditional on the timing of that exposure relative to the developing fetus (90) . Failure to specifically obtain exposure information for a critical time period may produce a risk estimate biased toward the null value. EM field exposures to a man or woman prior to conception may be relevant to reproductive health effects, such as subfecundity or germ cell damage, but may not be relevant to chromosomal damage in the conceptus, given that EM field exposures have not been shown to be mutagenic (91) . In general, various types of exposures (e.g., medications) a mother encounters during specific periods of pregnancy are plausible risk factors for congenital malformations (92) , spontaneous abortions (79), reduced birth weight (93) , and certain childhood cancers (94) . However, there is less support for the notion that various exposures the father or mother receives prior to conception or the father receives during pregnancy may act as risk factors for these outcomes. Studies on risks of VDTs (Table 2) were exclusively interested in maternal use and predominantly for exposure during early pregnancy [but not exdusively (19, 30, 35) ], whereas studies involving other EM field exposures (Table 1) involved both maternal and paternal exposures for several periconceptional time periods.
Another relevant issue concerns the extent or dose of exposure. There are multiple sources of low-level EM fields in our environment (84) , resulting in some level of exposure to most individuals. With the exception of the study by Bryant and Love (22) , who sought information on both home and work exposures to VDTs, no study considered other sources of possible exposures to EM fields beyond the single exposure of interest. The implication of neglecting these other sources is that variations in EM field exposure among individuals in the study populations might be overlooked. Such misdassification errors probably would reduce the magnitude of estimated effects (95 (19, 20, (22) (23) (24) 27, 30) , occupation in electronics industry (17) , or residence in cable heat homes (15) .
Potential errors in assessing exposure in these studies may be associated with the source of exposure information. Exposure information (Tables 1, 2 ) was derived primarily from self-reported questionnaire data, employment records, and other existing data sources. Querying study subjects allows for collection of detailed data on characteristics of possible field exposures, such as source and timing. However, this approach may be susceptible to information bias (96) , as suggested by some investigators (24, 27) . Although studies concerning reproductive outcomes are often criticized on the basis that the group with the endpoint under study will remember past events better than those in the referent group, studies that have tested specifically for recall bias have been unable to demonstrate its presence (97) (98) (99) (20) , which may be indicative of a teratogenic effect if the frequency of malformed fetuses is greater among these earlier abortuses than among later abortuses (100) , wiUl need follow-up. Too few data exist to reach a condusion about other reproductive health effects from VDT use.
To elucidate the potential relation between VDT use and spontaneous abortion risk, further investigations will require large numbers of study subjects, improved measures of exposure (e.g., direct measurement of field emissions from VDTs, distance from VDT, proximity to other sources ofEM fields, orientation ofworker to VDT), consideration ofthe heterogeneous nature of the end point studied (i.e., chromosomal versus nonchromosomal), indusion of early as well as late spontaneous abortions, and consideration of the competing hypotheses related to physical and psychosocial stress (101, 102 (14) , and one examined pregnancy loss and power-frequency field exposures from home heating (15) . All three studies focused only on matemal exposures. In contrast, most occupational studies have investigated paternal exposure to EM fields.
There is a need for investigations of other sources of residential EM field exposures (e.g., transmission and distribution lines, electric appliances and power tools, or electric train lines). In addition, future research needs to incorporate additional methods, such as personal monitors or spot measurements or wiring codes, for assessing the exposure (or its surrogate) that appears to be related to childhood cancers (1, 3) . Retrospective studies could provide much needed descriptive data (primarily from the referent group) on the prevalence of exposures from these and other sources. Without this information, the choice of exposed groups to follow in prospective studies of adverse reproductive effects would be difficult to make.
Although there is little support for paternally mediated adverse reproductive effects (104) , some studies have suggested altered sex ratios among the offipring of exposed fathers (12, 13) , and at least one study has suggested an association between paternal EM field exposures and childhood cancers in offspring (2) . Thus, paternal residential exposure to EM fields, from a variety of sources and preconceptional time periods, may be an avenue worthy ofadditional investigation.
Future occupational studies might focus on maternal exposures to EM fields. Job exposure matrices, as used for studies of other occupational exposures and disease endpoints, would be useful to develop. However, to avoid errors associated with exposure misclassification, a sizable amount of exposure-based research would first have to be completed to ensure that occupations were accurately classified with respect to EM field exposures.
No study has considered any adverse reproductive health effect from combined home and work exposures to low-level fields. Schnorr et al. (25) In general, there are many concerns about reproductive health. The possibility that the normal reproductive process may be perturbed by EM field exposures has heightened these concerns further. Given the lack of epidemiologic data to address these concerns and the experimental evidence that certainly does not argue against a possible effect from these exposures, there seems to be sufficient justification for additional study in this area.
